Mapping genotype to phenotype is challenging because of the difficulties in identifying 19 both the traits under selection and the specific genetic variants underlying these traits. Most 20 of the current knowledge of the genetic basis of adaptive evolution is based on the analysis 21 of single nucleotide polymorphisms (SNPs). Despite increasing evidence for their causal 22 role, the contribution of structural variants to adaptive evolution remains largely 23 unexplored. In this work, we analyzed the population frequencies of 1,615 Transposable 24 Element (TE) insertions in 91 samples from 60 worldwide natural populations of 25 Drosophila melanogaster. We identified a set of 300 TEs that are present at high 26 population frequencies, and located in genomic regions with high recombination rate, 27 where the efficiency of natural selection is high. The age and the length of these 300 TEs 28 are consistent with relatively young and long insertions reaching high frequencies due to 29 the action of positive selection. Indeed, we, and others, found evidence of selective sweeps 30 and/or population differentiation for 65 of them. The analysis of the genes located nearby 31 these 65 candidate adaptive insertions suggested that the functional response to selection is 32 related with the GO categories of response to stimulus, behavior, and development. We 33 further showed that a subset of the candidate adaptive TEs affect expression of nearby 34 genes, and five of them have already been linked to an ecologically relevant phenotypic 35 effect. Our results provide a more complete understanding of the genetic variation and the 36 fitness-related traits relevant for adaptive evolution. Similar studies should help uncover the 37 importance of TE-induced adaptive mutations in other species as well.
Introduction 40
Understanding how organisms adapt to local environmental conditions requires identifying 41 the loci and the phenotypic traits potentially targeted by natural selection, which should 95 Location of the 39 European, 14 North American, five Australian, one Asian, and one African 96 population analyzed in this work. Note that the location of some populations overlap in the map. 97
For more details, see S1 located at low recombination rate regions. HRR: TEs located at high recombination rate regions. 135
Fixed: HRR TEs at frequencies > 95% in all populations. LowFreq: low frequency HRR TEs 136
(frequencies < 10% in all samples). HighFreq: high frequency HRR TEs (frequencies < 95% in all 137 samples and at >10% frequency in at least three samples). HighFreq TEs were further classified 138 according to their frequency in African (AF) and/or out-of-Africa (OOA) populations: AF: TEs at 139 high frequency only in the African population; AF-OOA: TEs at high frequency in Africa and out-140 of-Africa populations; OOA: TEs at high frequency in out-of-Africa populations and low frequency 141
in the African population and NA-AF: TEs present at high frequency in out-of-Africa populations 142
but for which we have no data for the African population. 143 144 We further classified these 300 TEs according to their frequency in African (AF) and/or 145 out-of-Africa (OOA) populations: seven TEs were only present at high frequencies in the 146 African population analyzed (AF), 111 were present at high frequencies both in African and 147 in the out-of-Africa populations (AF-OOA), and 174 were present at high frequencies only 148 in the out-of-Africa populations (OOA, Fig 2) . TEs present at high frequencies both in 149 African and out-of-African populations are more likely to be involved in global 150 adaptations, while TEs present only in African or only in out-of-Africa populations could 151 be involved in local adaptation. Overall, we identified 300 polymorphic TEs present at high 152 frequencies and located in high recombination regions of the genome, which could have 153 increased in frequency due to positive selection. However, it is also possible that some or 154 many of these 300 TEs have increased in frequency neutrally. 
Age and length of TEs present at high frequencies in regions with high recombination
high population frequencies is more likely to have increased in frequency due to recent 161 positive selection, while old TEs present at high population frequencies might have slowly 162 drifted to high frequency [21, 24] . Note that it is entirely possible that such old TEs did 163 increase in frequency due to positive selection and have been maintained by balancing 164 selection since then [39] . Nonetheless, in this paper we primarily focus on the identification 165 of the subset of TEs that are most likely to be adaptive and are willing to tolerate 166 potentially high false negative rates.
168
We estimated the age of all the TEs annotated in the reference genome using a phylogenetic 169 approach (5,416 TEs, see Material and Methods). We compared our TE age estimates with 170 previously available data for 437 TEs [21, 40] . Among the 417 TEs present in the two 171 datasets, there are 10 TE insertions in our dataset that according to the TE age distributions 172 were outliers (showed much higher age values estimates, S2A Fig) . When we removed 173 these 10 data points the correlation between the age estimates from the two studies was 174 high (r 2 : 0.71, p-value < 2.2x10 -16 , S2B Fig) . Note that the TE age estimates obtained by 175 these methods depend on the dataset used for generating the phylogenies, which differ 176 between the two studies (437 TEs vs 5,416 TEs, S2 Fig) . 177 We compared the TE age distributions between the different frequency groups, and we 178 further classified TEs as "young" or "old" insertions according to whether the estimated 179 terminal branch length was < 0.01 or ≥ 0.01, respectively (see Material and Methods). As 180 mentioned above, most of the TEs in low recombination regions are fixed. Accordingly, we 181 found that TEs present in low recombination regions and Fixed TEs in high recombination 182 regions showed similar age distributions (Wilcoxon test, p-value = 0.321, Fig 3A) and 183 contained a large proportion of old TEs, 71% and 75% respectively, as expected if these 184 two datasets contain mostly neutral TEs (Fig 3B, S3 Table) . The age distribution of these 185 two groups was different from the LowFreq and the HighFreq groups overall (Wilcoxon 186 test, p-value < 2.2x10 -16 , Fig 3A) . 187 We found that all LowFreq TEs were young TEs ( Fig 3B, The length of a TE can also be informative about whether a TE is more likely to be 200 adaptive, neutral, or deleterious. Because longer TEs are more likely to act as substrates for 201 ectopic recombination leading to deleterious rearrangements, if a TE is long but it is present 202 at high population frequencies, it is more likely to be adaptive [16, 41, 42] . In contrast, 203 shorter TEs are both more likely to be nearly neutral in their selective effect due to lower 204 rate of ectopic recombination among shorter homologous sequences and in addition more 205 likely to be older and thus shorter because of the high rate of DNA loss in Drosophila [43] . 206 We used the TE length ratio, calculated as the proportion of the length of the TE insertion 207 regarding the length of the canonical family sequence, as a proxy for measuring the relative 208 length of the TEs in each group. We found statistically significant differences between the 209 HighFreq and the other three TE groups: LowFreq, Fixed, and TEs in low recombination 210 regions (S4 Table) Wallis test, p = 0.062) (S4 Table) .
216
When considering both age and length of the TEs across different categories, we found that 217 Fixed TEs and TEs in low recombination regions show predominance of older and 218 truncated TEs (Fig 4) , which is consistent with old TE insertions that have reached fixation 219 through processes other than positive selection. On the other hand, the HighFreq and 220 LowFreq groups contain mostly large and young TEs (Fig 4) . In the case of LowFreq TEs, 221 these results are consistent with the hypothesis that low frequency TEs could be recent 222 insertions that purifying selection still did not have time to eliminate. Finally, young and 223 large HighFreq TEs support the hypothesis of the presence in this group of a large number 224 of recent putatively functional insertions that have rapidly increase in frequency due to the 225 action of positive selection. Thus, for the rest of this work, we focused on HighFreq TEs to 226 look for further evidence suggesting their contribution to adaptive evolution. Table) . To determine the significance of iHS and nSL values, Table) . The three tests identified similar numbers of 253 significant TEs (Chi-square test, p-value = 0.350, S5 Table) , however the overlap between sweeps. 257 We also tested whether the signals of selection differ among continents. For 31 out of the 258 36 TEs that showed signatures of selection we had data from NA and EU populations.
259
However, only 6 of these 31 TEs showed evidence of selection in both continents while the 260 other 25 TEs were significant only in NA or only in EU, suggesting that the signatures of 261 selection could be continent specific (S3B Fig) . Finally, while iHS and nSL identified 262 similar numbers of TEs in the two continents, H12 identified more significant TEs in NA 263 (Chi-square test, p-value = 0.032, S5 Table) . Table) . To determine the significance of FST values, we Table) , suggesting that both datasets could be enriched for adaptive 289 TEs. Indeed, 10 of these 41 TEs were previously found to show evidence of positive 290 selection (Table 1) . Table) . We then analyzed whether the 363 genes nearby the 300 HighFreq TEs were 307 enriched for similar biological processes (see Material and Methods). We identified 20 308 significant clusters (S8A Table) . Among clusters showing the highest enrichment scores we 309 also found GO terms related with response to stimulus, behavior and learning, and 310 development ( Fig 6B) . Finally, genes nearby OOA and AF-OOA TEs were also enriched 311 for similar biological functions (S5 Fig, S8C -D Tables). Note that the behavior-related 312 clusters slightly differed among the datasets: genes nearby TEs with evidence of positive 313 selection were enriched for aggressiveness genes, genes nearby HighFreq TEs and AF-
314
OOA TEs were enriched for olfactory genes, and genes nearby OOA TEs for circadian and 315 locomotor behavior genes ( Fig 6 and S5 Fig) .
316
To gain more insight into the function of genes nearby the candidate adaptive TEs, we 317 looked whether they were previously described as candidate genes for several fitness-318 related traits (S9 Table, S10A Table) . In addition, we also found enrichment of genes related with behavioral 322 phenotypes such as olfaction and aggressiveness, and with pigmentation ( Fig 6B, S10A 323 Table) . Similar enrichments were found for genes located nearby the 300 High Freq TEs 324 and for the genes located nearby the OOA and the AF-OOA datasets (S5 Fig, S10C and/or behavior-related phenotypes ( Fig 6B) . Table) .
331
Moreover, 47% of the genes nearby the 300 HighFreq TE dataset have previously been 332 identified as candidate genes for several stress-and/or behavior-related traits ( Fig 6B, S10 333 Table) . For genes nearby HighFreq TEs, only top five clusters are showed. The horizontal axis represent 342 DAVID enrichment score (see S8A and S8B Tables for details). B) Significantly overrepresented 343
fitness-related genes according to previous genome association studies. All FDR corrected p-values 344 < 0.05, Chi-square (χ 2 ) test (see S10A and S10B Tables for details). The horizontal axis represents 345 the log10(χ 2 ). In both, A) and B), numbers nearby each bar indicate total number of genes in that 346 cluster/category. 347 348 Candidate adaptive TEs correlate with the expression of nearby genes 349 We tested whether there was a correlation between the presence of the candidate adaptive and T-lex2 annotations for 140 DGRP lines in order to determine whether the presence of a TE was correlated with the expression level of the 353 nearby genes (< 1kb). We calculated correlations for 638 TEs located at high 354 recombination regions and we found that 19 of them showed significant eQTL associations 355 (S11 Table) . TEs present at high frequencies contained more significant eQTLs than 356 expected (38% vs 11%, Chi-Square test, p-value < 0.0001) ( Table 2) . We observed the (the presence of the TE correlates with reduced expression of the nearby gene) ( Table 2) .
360
These results remained significant after FDR correction (50% vs 11% expected, Chi-Square 361 test, p-value < 0.0001, Table 2 ). Of the 19 TEs showing significant eQTL associations, 11 362 also showed signatures of selection (S11 Table) . We finally checked whether private TEs (those present in only one DGRP strain according 374 to T-lex2) were also present among the significant eQTL as expected by the "rare alleles of 375 large effect" hypothesis [53] . We found a small, but still significant set of private TEs with 376 significant correlation with the expression of nearby genes (10% and 9% vs 4% expected,
363

377
Chi-Square test, p-value < 0.050) (Table 2) , which is in agreement with previous reports Table) . 385 Similar results were obtained when we considered the three HighFreq TEs subgroups 386 (S12A Table) . We further classified intragenic TEs in exonic, UTRs, 1 st intron, and other 387 introns. Only HighFreq TEs were enriched in UTR regions (Chi-square test, p-value < 388 0.043) ( Fig 7B, 12B Table) . 389 We also checked whether the proportion of DNA, LTR, and nonLTR TE orders differed 390 between HighFreq TEs and all TEs in the genome. We found that the HighFreq group 391 contains a larger proportion of non-LTR TEs (42% vs 31% and 33%, Chi-square test, p-392 value = 5.73e-06, Fig 7C, S13 Table) . Moreover, when considering HighFreq subgroups we 393 found that OOA TEs also contain a large proportion of non-LTR elements (53% vs 31% 394 and 33%, Chi-square test, p-value = 1.79e-11) while the AF-OOA TEs contain more LTR 395 elements (50% vs 39%, Chi-square test, p-value = 1.08e-02) ( Fig 7C, S13 Table) . 396 Regarding TE families, we found that the HighFreq TEs contain a larger proportion of 397 several families including jockey, 297, BS and pogo families (S14 Table) . When 398 considering only OOA TEs, we found a larger proportion of several families including 399 jockey, F family, and BS, while in the AF-OOA there was a larger proportion of 297, 400 Quasimodo, and opus (Chi-square test, Bonferroni corrected p-values < 0.05) (S14 Table) . In this work, we identified 300 TEs present at high frequencies in natural populations, and 406 located in genomic regions with high recombination, where the efficiency of selection is 407 high [37, 38]. Most of these TEs are young insertions suggesting that they have increased in 408 frequency relatively fast (Fig 3) . In addition, these insertions are longer compared with 409 other TEs in the genome, also suggesting an adaptive role because long insertions are more 410 likely to act as substrates for ectopic recombination leading to chromosome rearrangements 411 that are often deleterious [16, 41, 42] (Fig 4) . Our dataset of 300 putatively adaptive TEs, 412 contains all the insertions present at high population frequencies that have previously been 413 identified as putatively adaptive [7, 21, 55-63]. Note that we, and others, have found 414 signatures of positive selection and/or functional evidence for the adaptive role of 53 of the 415 300 putatively adaptive TEs identified in this work, further suggesting that this dataset is 416 enriched for adaptive insertions (Table 1) . The other 12 TEs that have been previously 417 identify as candidate adaptive TEs were fixed or present at low frequencies in the 418 populations analyzed in this study, and thus were not included in our dataset of high 419 frequent TEs (Table 1) . 420 Although we looked for evidence of hard and soft sweeps, and for evidence of population (Table 1) .
431
Our dataset of 300 putatively adaptive TEs allowed us investigating global patterns in the 432 biological functions that might be affected by TE-induced adaptive mutations in the D. 6) . Through literature searches, we found that 41% (148 out of 438 363) of these genes have previously been identified as candidate stress-related genes 439 including xenobiotic stress, desiccation, and cold stress ( Fig 6) . If we focus on the subset of 440 TEs that are likely to be involved in out-of-Africa adaptations, we found similar gene adaptive insertions were continent specific ( Fig S3B) . These results suggest that a 452 significant proportion of the 300 putatively adaptive TEs could be involved in local 453 adaptation. Thus, it is likely that by exploring more natural populations we could identify 454 additional adaptive insertions. We are also missing TEs that could be playing a role in . 465 We also found that the presence of 19 of the candidate adaptive TEs correlated with 466 changes in expression, both up-regulation and down-regulation, of nearby genes (Table 2 467 and S11 Table) . For four of these TEs, FBti0018880, FBti0019627, FBti0019386, and 
Material and Methods
485
Dataset 486 We analyzed available D. melanogaster genome sequencing datasets from 91 samples 487 collected in 60 natural populations distributed worldwide (Fig 1 and S1 Table) . Most estimated frequencies for less than 10 out of the 91 samples, ending up with a dataset of 532 1,615 TEs. 533 We considered a TE to be located in high recombination regions when the two available 534 recombination estimations for D. melanogaster [87, 88] were greater than 0 in the region 535 were the TE is inserted (S2 Table) . 537 We analyzed the effect of inversions in TE frequency estimations. We focused on the 538 cosmopolitan inversions: In(2L)t, In(2R)Ns, In(3L)P, In(3R)K, In(3R)Mo, In(3R)Payne, 539 and In(3R)C (S15 Table) [75]. 358 TEs are located inside or overlapping with one of these 551 We used a phylogeny-based approach to estimate the age of each TE within each family for 552 the 5,416 TEs annotated in the reference genome. The age was estimated as the unique 553 number of substitutions shared between the two closest TEs assuming that they all derived 554 from a common ancestral TE, i.e. the divergence between closest TEs. Hence, this approach 555 estimates the time since last activity for each TE. Note that activity includes not only 556 transposition but also other genomic TE movements such as the ones caused by 557 duplications.
536
Detecting inversions and correcting TE frequencies
550
TE age and TE length ratio
558
When the age estimates were calculated, TE annotations were only available for the release Stalker3, TART-B, TART-C, and Xanthias) composed by less than three copies, we failed to 575 estimate the divergence of the copies and were not considered in this study (11 copies in 576 total). Some profiles were re-aligned using MAFFT v.7 in order to refine conserved regions The H12 statistic was calculated using the SelectionHapStats software 626 (https://github.com/ngarud/SelectionHapStats/, [45] . We formatted the SNPs-TEs files 627 previously used in the iHS calculation and run the H12_H2H1.pyscript for each TE in the 628 singleWindow mode using 100 SNPs as the window size. We first selected windows in the 629 top 15% most extreme H12 values. We then checked whether haplotypes in these windows 630 contained the TE in at least 50% of the strains for at least one of the three most frequent 631 haplotypes. Only TEs that fulfil this condition were considered significant. Note that 17 out 632 of the 18 significant TEs are present in the first or second most frequent haplotype.
633
The nSL statistic was calculated using selscan v1.1 [103]. Input files were generated based 634 on the SNPs-TEs files from the iHS calculation. We created one tped file for each TE and 635 removed all strains and positions containing missing data. Extreme nSL values were 636 determined using the norm program for the analysis of selscan output. Unstandardized nSL 637 values were normalized in 10 frequency bins across the entire chromosome and significant 638 nSL values were determined using the --crit-percent 0.05 parameter. 640 We calculate the Fixation index (FST) between pairs of latitudinal distant populations for 641 each of the three continents. We created vcf files for the TEs based on Table) . 67 of these 78 TEs were consistently present at high 664 frequencies in populations located in high latitudes or in low latitudes. 43 of the 67 TEs 665 were present at high frequencies in low latitude populations in at least one pairwise 666 comparison, and 24 TEs were present at high frequencies in high latitude populations in at 667 least one pairwise comparison (S7 and S16 Tables). Finally, to be conservative, we only 668 considered those TEs with significant FST values in at least two populations and always 669 present at high frequencies in populations located in high or low latitude (concordant FST). 671 We analyzed whether TEs were located at specific regions in the genome regarding the 672 nearest gene. We used TEs and gene coordinates from FlyBase r6.04 [84, 85] and 673 considered both coding and non-coding genes. For each TE, we determined whether it was 674 located inside a gene or in an intergenic region. We further classify the TEs located in 675 intergenic regions in those located at more or less than 1kb of the nearest gene. For TEs 676 present inside a gene we further determined the class site overlapping with the TE 677 annotation: Exon, UTR, Intron. If the TE is inserted in an intron, we checked whether it was 678 inserted in the first intron, where is more likely to affect expression [105, 106].
639
Population differentiation using FST for latitudinal distant populations
TE location
680
Expression quantitative trait loci (eQTL) analysis 681 We use Matrix eQTL v2.1.1 [51] to calculate correlations between the presence/absence of 682 the TEs and the expression of nearby genes. We used expression data from the DRGP lines 683 (Raleigh, North Carolina, [52]) as available in the DGRP2 repository 684 (http://dgrp2.gnets.ncsu.edu/data.html) and the presence/absence TE information for the 685 DGRP lines for which T-lex2 was successfully run (see above). T-lex2 identified TEs for 686 1,603 in the DRGP lines and 1,177 of them contain at least one gene at less than 1kb of any 687 of the two junction coordinates of the TEs. One line (RAL-591) was not present in the 688 expression data, so we ended up with 140 lines in the dataset. For each line, we used the 689 average of the normalized gene expression value from the two replicates and analyzed 690 female and male data separately. For the genotyping data, we used both the start and the 691 end coordinates of the 1,615 TE as positions in the genome and codified the absence (0), 692 polymorphic (1), presence (2) and no data (NA) from T-lex2 output using a custom python script. Matrix eQTL was run with default parameters, applying only the Linear model and 694 with a cisDist=1000, meaning that we considered only genes that were at less than 1kb 695 from any of the junction coordinates of the TE. We then evaluated the significance of the 696 correlations as provided by the Matrix eQTL software and we considered TEs that were 697 significant in at least one sex. From the 1,177 analyzed TEs, we kept only the 638 TEs Functional enrichment analysis 705 We performed functional enrichment analysis for Gene Ontology (GO) biological process 706 for the genes nearby TEs using the DAVID functional annotation cluster tool (v.6.8) [49, 707 50]. Based on TE and gene coordinates from FlyBase r6.04 [84, 85], we selected genes 708 located at less than 1kb as the ones putatively likely affected by the TEs, since this is the 709 approximate size of the promoter region in D. melanogaster [107]. If there were no genes at 710 less than 1kb, we selected the closest one. All comparisons were performed using the full 711 list of genes in D. melanogaster as the background. We considered DAVID clusters as 712 significant when the enrichment score (ES) was higher than 1.3 as described in Huang da et In addition, in December 2016 we searched the literature using PubMed to find publications 716 that identified genes associated with phenotypic traits studied in the DGRP project 717 (olfactory behavior, alcohol exposure, desiccation, aggressiveness, cold tolerance, 718 pigmentation, starvation, mating behavior, and oxidative stress). We also included 719 phenotypic traits for which there is gene expression data available (heavy-metal stress, 720 xenobiotic stress, diapause, locomotor behavior, and hypoxia). Finally, we looked for 721 publications related with immunity, heat-shock stress, and circadian behavior as these three 722 are relevant adaptive traits in Drosophila. We included genome-wide studies (GWAS, QTL, 723 gene expression, and protein-protein interactions) and candidate-gene studies (S9 Table) . 724 We generated lists of candidate genes for each one of the 17 different fitness-related traits. 725 We then converted the gene names to Flybase gene identifiers. This step was necessary 726 because in D. melanogaster genes often have more than one name but all genes have a 727 single Flybase identifier. To construct our final candidate gene lists, we only considered 728 those genes that were present in two or more independent publications. We then checked 729 whether the genes nearby the 300 HighFreq TEs, the 65 TEs with evidence of positive 730 selection, the 174 OOA, and the 111 AF-OOA TEs were present in our candidate gene lists. 731 We used Chi-square test to determine whether different sets of TEs showed more genes 732 previously associated with different stress-related and behavior-related traits than expected 733 by chance. 
